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Abstract
Lateral variations of seismic attenuation in the Pyrenees are explored from the analysis
of local earthquakes records. Scattering loss and intrinsic absorption both control the
propagation of short period S waves through the crust. The role of intrinsic and scattering
attenuation is analyzed in two steps. Firstly, the coda quality factor Qc, which quantifies
the energy decay of coda waves, is estimated at large lapse time in five frequency bands
and interpreted as intrinsic absorption. Next, we systematically measure the peak delay
time defined as the time lag from the direct S-wave onset to the maximum amplitude
arrival. This parameter quantifies the strength of multiple forward scattering due to
random inhomogeneities along the seismic ray path. Comparison of coda-Q and peak delay
time measurements allows a qualitative interpretation of the origin of seismic attenuation
(scattering/absorption) in the Pyrenean crust.
At low frequency, coda-Q variations mainly depend on the tectonic units of the Pyre-
nees, with stronger absorption in sedimentary basins, and smaller absorption in Paleozoic
basements. At high frequency, coda-Q is low at the location of Neogene structures in the
Eastern Pyrenees. A more enigmatic low-Qc anomaly is also observed at the location of
the Maladeta Massif in the Central Pyrenees. In all frequency bands, peak delay time
measurements systematically show stronger scattering in the Western Pyrenees.
In the Labourd-Maule´on area, absorption and scattering are both important at low
frequency. The Western Pyrenees also correspond to a high-velocity/density anomaly
revealed from tomography and gravity data analysis. This suggests that the high level
of inhomogeneities and absorption may be related to intrusion of mantle and/or lower-
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crustal materials. In the Eastern Pyrenees, absorption appears dominant over scattering
at high frequency. We hypothesize that the strong absorption observed in this area may
be related to volcanic structures.
Keywords: Seismic Attenuation, Coda waves, Wave Scattering, Heterogeneity, Pyre-
nees
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1 Introduction
In complement to seismic velocity measurements, attenuation provides valuable infor-
mations about the structure of the Earth. It is also an important parameter for the
quantitative evaluation of earthquake ground motion. Three mechanisms can be invoked
to explain seismic wave attenuation: (1) anelastic absorption which mainly depends on
temperature, melt or fluid content, and chemical composition, (2) scattering of seismic
waves generated by small-scale velocity fluctuations and (3) focusing due to propagation
in 3-D structures. The separation of these different effects is still a significant challenge
but various methods have been proposed to estimate the relative contribution of anelas-
ticity and scattering to the seismic attenuation in the Earth lithosphere (see Sato et al.,
2012, for a review).
Substantial regional variations in the attenuation of high-frequency seismic waves have
been documented in several studies (see Romanowicz & Mitchell, 2007, for a review). Few
studies have explored the seismic attenuation in the French lithosphere (e.g. Campillo
et al., 1985; Campillo & Plantet, 1991; Chevrot & Cansi, 1996; Lacombe et al., 2003),
but some of them have detected differences between distinct tectonic units. For example,
attenuation at 1 Hz may be stronger in the Alps than in the Pyrenees (Drouet et al.,
2008, 2010). In Spain, Pujades et al. (1990) and Payo et al. (1990) have shown that
seismic attenuation at 1 Hz may be higher in the Pyrenees than in Galicia or in the Ebro
Basin. But only a few studies specifically concern the Pyrenees. These studies either
focus on a specific area (Gagnepain-Beyneix, 1987; Correig et al., 1990) or propose an
estimation of the seismic attenuation for the entire Pyrenean range (Drouet et al., 2005;
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Calvet & Margerin, 2013). However, there is some evidence of strong lateral variations of
both seismic absorption and scattering properties in the Pyrenees, as illustrated by the
Lg blockage phenomenon observed in the western part of the range (Chazalon et al., 1993;
Sens-Scho¨nfelder et al., 2009).
Because of easy applicability, many determinations of seismic attenuation have in-
volved so far the use of coda waves of local earthquakes. Coda Q measurements (noted
Qc hereafter) was extensively used in seismology for lithospheric or crustal attenuation
studies (Aki & Chouet, 1975; Mitchell, 1995; Sato et al., 2012). However Qc depends
simultaneously on the scattering and anelastic properties of the crust. By using the
MLTWA method developed by Fehler et al. (1992), Carcole´ & Sato (2010) have recently
obtained high resolution maps of scattering and intrinsic attenuation for Japan. They
also demonstrated that the spatial variations of intrinsic absorption and Qc are highly
correlated. In complement to coda Q measurements, analyses of high-frequency seismic
envelopes have been used to discuss the relative contribution of intrinsic absorption and
scattering loss to the total seismic attenuation (Sato, 1989; Obara & Sato, 1995; Saito
et al., 2002; Petukhin & Gusev, 2003; Saito et al., 2005; Takahashi et al., 2007). Multiple
scattering due to random velocity inhomogeneities increases the apparent duration of the
S-wave pulse. On the contrary, intrinsic absorption truncates it. The seismic wave envelop
results from a competition between scattering and absorption (Saito et al., 2005).
In this study, we propose to explore more systematically the regional variations of
Qc and pulse broadening in order to discuss the origin (scattering and/or absorption) of
the lateral variations of seismic attenuation in the Pyrenees. To characterize the spatial
variations of attenuation in the Pyrenees, we take advantage from a dense seismic network.
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Several Institutes in France and Spain operate about 70 permanent seismic stations in
the Pyrenees, and two temporary experiments have been conducted since 2010 on both
sides of the mountain range. The paper is organized as follows. First, we summarize the
main tectonic and seismological structures of the Pyrenees (section 2). Then, we present
our data set in section 3. Coda-Q and pulse broadening measurements are discussed
in section 4 and 5, respectively. The origin of the observed spatial variations of both
observables is discussed in section 6. Conclusions are given in section 7.
2 Structure of the Pyrenees
2.1 Seismotectonic settings
The Pyrenees are an asymmetrical, double-wedge continental belt about 400 km long and
150 km wide which exhibits a North-South structure described by three main tectonic
units: the Paleozoic Axial Zone (PAZ), the North Pyrenean Zone (NPZ) and the South
Pyrenean Zone (SPZ) (Choukroune, 1992). These principal units are shown in Figure 1.
The North Pyrenean Fault (NPF) is the major tectonic feature in the Pyrenees. It
is observed at the surface in the central and eastern parts of the range. The NPF is
also characterized by metamorphic rocks and lherzolite outcrops (Lagabrielle & Bodinier,
2008). Other important fault systems are the Adour fault with a NW-SE orientation in
the Central Pyrenees, and the Teˆt and Tech faults in Eastern Pyrenees. Intricate fault
systems related to the Western Mediterranean opening are observed at the southeast end
of the Pyrenees and in the Catalan Coastal Ranges. The PAZ is largely inherited from
Hercynian structures and includes several granitic massifs such as the Maladeta Massif.
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It also includes the highest summits. The NPF marks the boundary between the PAZ
and the NPZ. The NPZ corresponds to the former Eurasian margin thinned during the
Cretaceous extension phase. It is mainly composed of highly deformed Mezosoic flysh
deposits. It also includes large Paleozoic outcrops such as the North Pyrenean Massifs
in the central part of the range (noted NPM in Figure 1) and the Basque Massifs to the
west. To the north, the NPZ sediments override the Aquitaine Basin along the North
Pyrenean Frontal Thrust. To the south, the South Pyrenean zone (SPZ) is composed of
Mesozoic and Cenozoic sediments which overthrust the molasse of the Ebro Basin.
The Pyrenees have been affected by several successive orogens. From 120 to 80 Ma,
the Pyrenean domain and the Hercynian structures experienced an extension episode
related to the opening of the Bay of Biscay with the rotation of the Iberian plate. Dur-
ing this episode, the crust was thinned and affected by dense lower crust and upper
mantle intrusions in the western and central part of the Pyrenees. Two competing plate-
kinematic models have been proposed to describe the rotation of Iberia with respect to
Europe: a scissor-type opening model (Srivastava et al., 2000; Rosenbaum et al., 2002)
or a left-lateral strike-slip opening model (Le Pichon & Sibuet, 1971; Jammes et al.,
2009). Recently, Vissers & Meijer (2012) have proposed a third geodynamical scenario
consistent with both seafloor magnetic anomaly data and geological observations: during
the progressive opening of the Bay of Biscay, the mantle lithosphere subducted and be-
came gravitationnally unstable leading to asthenospheric upwelling with magmatism and
metamorphism. The second stage for the formation of the Pyrenees is the North-South
collision of the Eurasian and Iberian plates about 65 Ma ago, with less shortening in
the Western Pyrenees than in the Central Pyrenees (Verge´s et al., 2002). The Eastern
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Pyrenees also experienced Neogene extension during the rotation of the Corsica-Sardinia
block. Neogene to Quaternary volcanism has affected the Catalan Coastal Ranges and
the south-eastern Pyrenees in the Olot region (Mart´ı et al., 1992).
The seismic activity of the Pyrenees is known from historical catalogues as well as
from instrumental seismological studies. The present-day seismicity in the Pyrenees is
moderate with an average of one event per year with a magnitude greater than 4 (Souriau
& Pauchet, 1998; Rigo et al., 2005; Ruiz et al., 2006). The geographical distribution of
Pyrenean earthquakes is very inhomogeneous. To the west, a diffuse activity is observed in
the southern part of the range around Pamplona. In the Central Pyrenees, the seismicity
is mostly in the North Pyrenean Zone but without any clear evidence of relashionship with
the surface location of the NPF (Souriau et al., 2001; Rigo et al., 2005). The seismicity
becomes much more diffuse in the eastern part of the Pyrenees with a clear southward
shift of the seismicity. The current tectonic regime in the Pyrenees still remains uncertain
(Souriau et al., 2001; Nocquet & Calais, 2004; Rigo et al., 2005) even if most of the
recent significant earthquakes exhibit East-West extensional fault plane solutions more
particularly in the Central Pyrenees (Chevrot et al., 2011).
2.2 Seismic structure of the Pyrenean crust
Crustal structures in the Pyrenees have been widely explored using seismic and gravity
data. Geophysical studies based on refraction and ECORS deep penetration seismic
profiles (Choukroune et al., 1990) show a large Moho jump along the NPF. The crust is
much thicker on the Iberian side (50-55 km) than on the French side (28-30 km). From
refraction profiles, there is some evidence that the crust south of the NPF has a 50 km
8
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
maximal thickness beneath the center of the range, and is progressively thinned to 23 km
to the East (Gallart et al., 1981; Mauffret et al., 2001) and to 40 km to the West (Gallart
et al., 1980, 2001). The lower crust in the western part of the NPZ displays much higher
P wave velocity than in the PAZ likely due to mantle intrusions into the lower crust
(Daignieres et al., 1981).
The crustal seismic tomography by Souriau & Granet (1995) has revealed two high-
velocity bodies (both for P waves and S waves) in the Central and Western parts of the
North Pyrenean Zone (Figure 2a). These two fast seismic anomalies also correspond to
high density bodies (Casas et al., 1997; Vacher & Souriau, 2001; Jammes et al., 2010)
as suggested by positive Bouguer anomalies (Figure 2c). Such gravity anomalies could
be related to lower crust or mantle materials that were uplifted at shallower depth
and possibly exhumed during Early Cretaceous rifting before being integrated to the
Pyrenean range during the collision phase (Vacher & Souriau, 2001; Jammes et al., 2009,
2010). In Figure 2b, we also show the mean crustal VP/VS ratio computed at several
seismic monitoring stations from Wadati diagrams. We observe that Paleozoic materials
are characterized by rather low VP/VS ratios whereas the Maule´on Basin, Pamplona Basin
and the SPZ (in Central Pyrenees) exibit larger VP/VS values. In contrast, the seismic
attenuation structure of the Pyrenean crust is relatively poorly known. Recently, Sens-
Scho¨nfelder et al. (2009) and Calvet & Margerin (2013) have shown that absorption
may be slightly dominant over scattering at low frequency with probably some lateral
variations. In particular, scattering and absorption may be significantly stronger in the
Western Pyrenees than in the surrounding regions (Sens-Scho¨nfelder et al., 2009).
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3 Data Selection
In this study, we analyse velocity waveform data recorded by permanent and temporary
seismic networks in the Pyrenees. We collect around 10000 waveform data recorded at 117
stations from 741 earthquakes which occured between 2001 and 2011, with a local magni-
tude (ML) larger than 2.0. Focal depths vary between 1 km and 20 km. Location of epicen-
ters, local magnitude and origin time of earthquakes have been determined by the Re´seau
de Surveillance Sismique des Pyre´ne´es (RSSP). Our dataset mainly contains short period
velocimetric waveforms from RSSP (20 stations). We also include accelerometric data
from RAP (Re´seau Acce´le´rome´trique Permanent - 23 stations) and IGC (Institut Geolo`gic
de Catalunya - 13 stations), and broadband velocimetric data from IGC (14 stations) and
IGN (Instituto Geogra`fico Nacional - 8 stations). These data have been collected in the
framework of the european project SISPYR (http://www.sispyr.eu). We also selected a
few broadband records from the PYROPE (http://w3.dtp.obs-mip.fr/RSSP/PYROPE/)
and IBERARRAY (http://iberarray.ictja.csic.es) experiments which have been deployed
in the Pyrenees at the end of 2010. Most of the short period velocimetric and accelero-
metric data are recorded by triggered systems whereas broadband stations record continu-
ously. Locations of epicenters and stations are reported on Figure 3. Epicentral distances
range from 1 km to 400 km.
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4 Coda Q observations
4.1 Definition of coda Q
Aki & Chouet (1975) have observed that the energy envelop of seismic coda waves decays
as:
E(t, f) = S(f)t−αe−2pift/Qc(f) (1)
where E is the power spectral density, S(f) is a frequency-dependent source and/or
site term, t is the lapse time, f is the frequency, α is a positive exponent, and Qc is the
frequency-dependent quality factor of coda waves. It is well documented that independent
estimates ofQc and α cannot be achieved from data only. Therefore, the value of αmust be
fixed a priori, but the impact on the estimated Qc value is typically less than 20% (Aki &
Chouet, 1975). The value of α and the interpretation of the coda quality factor Qc depend
on the physical model used to describe coda waves. A single-scattering interpretation of
the seismic coda in a homogeneous half-space is compatible with Eq.(1) for an exponent
α equal to 2. In that case, the coda quality factor Qc depends simultanueously on the
scattering and absorption as follows (Sato et al., 2012):
Q−1c = Q
−1
sc +Q
−1
i (2)
where Qsc and Qi are the scattering and intrinsic absorption quality factor, respectively.
However, the observation of seismic wave equipartition puts forward the role of multiple
scattering in the generation of coda waves (Hennino et al., 2001). For example, in the
Central Pyrenees, Souriau et al. (2011) have demonstrated that the equipartition regime
may be reached only a few seconds after the S-wave onset. Within the multiple scattering
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interpretation of coda waves, the physical meaning of Qc is radically different. After a
few mean free times, multiple-scattered waves reach a diffusion regime which implies that
Qc = Qi (3)
in a uniform half-space (Sato et al., 2012). In the present study, we adopt a multiple
scattering interpretation of Qc with α = 3/2 in Eq. (1) (Paasschens, 1997).
4.2 Qc measurements methodology
Prior to estimating the power spectral density E(t, f) at lapse time t in the coda, we
deconvolve the waveform from the station response and accelerometer records are inte-
grated to get the vertical component of velocity. For Qc measurements, only events with
a local magnitude greater than 2.5 are processed. Using a bandpass Butterworth filter of
order 4, data are filtered in five frequency bands: 1 - 2 Hz, 2 - 4 Hz, 4 - 8 Hz, 8 - 16 Hz,
16 - 32 Hz. In each frequency band, we smooth the squared vertical traces with a moving
window whose typical duration is of the order of 16 cycles. The smoothed envelopes are
thus corrected for the algebraic terms t−3/2. In each frequency band, an estimate of Qc is
obtained from a least-square linear fit of E(t, f)t3/2 as a function of t in a coda window
of duration LW starting at a lapse time tW (from the origin time of the earthquake).
The values of Qc are accepted when the signal-to-noise ratio is greater than 4 and the
correlation coefficient of the linear regression is greater than 0.7.
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4.3 Lapse-time and frequency dependence of Qc
In Figure 4, we represent all estimates of Qc in the frequency band 4 - 8 Hz as a function
of epicentral distance. The coda window length is fixed at LW = 30 s and three possible
choices of coda onset tW are explored: (a) tW = 2ts -commonly adopted in the seismo-
logical literature- where ts is the ballistic time of S wave in the crust, (b) tW = 50 s after
the origin time of the earthquakes, and ( c) tW = 80 s. The purpose of this plot is to
identify the range of epicentral distances and lapse time which allow stable measurement
of Qc. For tW = 2ts, Qc increases with epicentral distance (R ≤ 100 km) and reaches a
plateau value ∼ 800± 250 at large epicentral distances (R > 100 km). For tW = 50 s, Qc
is almost independent of distance for R ≤ 100 km, with an amplitude close to 800, and
decreases rapidly at larger epicentral distances. At sufficiently large tW (80 s, Figure 4c),
Qc is stable (800± 250) throughout the epicentral distance range we have explored.
The choice of coda window is thus crucial to map the lateral variations of seismic
attenuation. If different coda windows are mixed (early and late coda window), it may
happen that the lateral variations of Qc are measurement artifacts. For a selected range
of epicentral distances, we must fix the coda onset tW and the coda window length LW , to
facilitate the physical interpretation of Qc. In particular, we must be sure that its estimate
is not hampered by the transient regime occurring at short lapse time (Calvet & Margerin,
2013). However the number of signals which allow measurements at sufficiently large lapse
time is limited by the length of the triggered seismic records and by the noise level. The
best compromise is to measure Qc in the five frequency bands for epicentral distances
smaller than 90 km and for a 30 s coda window starting 50 s after the origin time of the
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earthquakes. This range of parameters corresponds to the plateau apparent in Figure 4b
(for the frequency band 4-8 Hz). Our choice of coda window allows good spatial coverage
of the Pyrenees and ensures that Qc provides a reliable estimate of the absorption quality
factor Qi at all frequency. As discussed by Calvet & Margerin (2013), absorption is to be
understood as the combined effect of anelasticity and leakage (Margerin et al., 1999), the
latter being negligible except in locally strongly scattering area. The range of fluctuations
of Qc (±250) around the plateau value (∼ 800 in the frequency band 4-8Hz) is typically
one order of magnitude larger than the uncertainty of individual measurements. We can
thus confidently propose that the fluctuations are due to strong variations of absorption
properties along the Pyrenean range.
Adopting the selection criteria discussed above, the total numbers of Qc measurements
in the five frequency bands are: 2190 (1 - 2 Hz), 2260 (2 - 4 Hz), 2296 (4 - 8 Hz), 2293 (8 -
16 Hz), 2035 (16 - 32 Hz). These measurements can be summarized by a simple power law
of the form Q0f
n where Q0 is the value of Qc at 1 Hz and n is an exponent which accounts
for the frequency dependence. A simple fit yields Q0 = 220(±84) and n = 0.64± 0.15 for
the Pyrenees. Previous studies have also reported a frequency dependence of Qc in the
Pyrenees. In the Western Pyrenees, on the western end of the Axial Zone, Gagnepain-
Beyneix (1987) finds Q0 and n in the range [30− 140] and [0.7− 1.1], respectively. In the
Eastern Pyrenees, close to Andorra, Correig et al. (1990) obtain Q0 ∼ 14 and n ∼ 1.13,
indicating stronger attenuation at 1 Hz in the Western Pyrenees. These two studies
focused on the analysis of nearby earthquakes (epicentral distances smaller than 40-30 km)
using a coda window starting at tW = 2 ts which mostly samples the early coda. This
choice of coda window may largely underestimate Qc-values (see Figure 4a) and cannot
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be easily interpreted in terms of absorption. On the contrary, our results are close to
those of Mitchell et al. (2008) (Q0 ∈ [200 − 300] and n ∈ [0.6 − 0.7]) obtained at large
lapse time.
4.4 Spatial distribution of Qc in the Pyrenees
4.4.1 Mapping Methodology
Usually, the classical quality factor regionalization approach adopted with coda waves
considers that the sensitivity is distributed within ellipsoidal shells whose size increases
with the lapse time in the coda (e.g. Mitchell, 1995; Vargas et al., 2004; Mitchell et al.,
2008). Recent progresses in the modeling of seismic coda waves challenges this view. In
particular, in the multiple scattering regime, the coda wave sensitivity strongly depends
on the type of perturbation (elastic or anelastic), and is not distributed within an ellipsoid.
In diffusive propagation model, it has been verified that the coda waveform sensitivity to
slowness or scattering perturbation is larger at the locations of the source and the station
(Pacheco & Snieder, 2005; Rossetto et al., 2011). The sensitivity kernels of coda wave
intensity to local variations of absorption still have to be derived, but we expect similar
spatial sensitivity. Consequently, we adopt a very simple Qc regionalization approach
which consists of assigning Qc values to ray paths between stations and hypocentres. As
the sensitivity of coda waves may be stronger near the station and the source, we should
select Qc measurements for rather small epicentral distances. We tested various epicentral
distance ranges, but to preserve good spatial coverage in Qc maps, we decided to select
all the data for epicentral distance smaller than 90 km.
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For simplicity, we only consider 2D lateral variations of Qc . Seismic ray paths are
calculated considering that the S-wave velocity is homogeneous (about 3.5 km.s−1). The
depth distribution of hypocentres, indicates that most of the ray paths are located in the
first 20 kms of the crust. We divide the Pyrenean crust into rectangular 0.1◦×0.1◦ blocks.
As many ray paths propagate through one block and each ray path indicates a different
value of Qc, we propose to allocate the mean values of Qc to each block. Only blocks
crossed by at least 2 ray paths are retrieved. Finally, for each block, we take an average
of the mean value over the nearest nine blocks to smooth the spatial variations.
4.4.2 Main characteristics of the Qc maps
Figure 5 shows the spatial distribution of Qc and the ray path density in the five frequency
bands. The spatial coverage of the Pyrenees is rather good, more particularly in areas
characterized by a strong density of seismic stations and earthquakes. Strong absorption
(small Qc values) is indicated in red colors whereas low absorption (large Qc values) is
indicated in blue colors.
At low-frequency, we observe a rather good correlation between attenuation structures
and the main tectonic units of the Pyrenees described by Choukroune (1992). In the 1-
2 Hz map, Precambrian and Paleozoic basements in the Eastern (from NPF to the Catalan
Coastal Range) and the Central Pyrenees (between the North Pyrenean Thrust and the
southern limit of the PAZ) are characterized by smaller attenuation (larger Qc values)
than the South Pyrenean Zone, the Maule´on, Pau and Pamplona Basins. However, the
Paleozoic Basque Massifs exhibit stronger attenuation than other Paleozoic structures of
the Pyrenees. Qc maps also reveal a North-South low-Qc anomaly at the longitude of
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the Hercynian Maladeta Massifs (longitude 1.5◦) which crosses the Pyrenees from the
Aquitaine Basin to the Ebro Basin. On average, similar Qc structures are observed in the
2-4 Hz map, except for the Maule´on Basin where attenuation becomes smaller than in the
sediments of Pamplona and Pau Basins. In conclusion, our low-frequency Qc maps are
characterized by rather strong absorption in the Western Pyrenees and small absorption
in the Eastern Pyrenees with in average stronger absorption in sedimentary structures
than in Paleozoic materials.
At high frequency (> 4 Hz), the Qc pattern in the Pyrenees change drastically and
cannot be easily related to the principal tectonic units. The most striking feature is the
low-Qc anomaly clearly delimited by the Neogene structures (Olot and La Selva volcanic
areas) in the Eastern Pyrenees. We also observe that the North-South low-Qc anomaly
already detected at low frequency spreads from the Maladeta Massif to the Adour Fault.
Surprisingly, the sediments in Aquitain and Ebro Basins as well as the Hercynian massifs
of the Paleozoic Axial Zone in the Eastern Pyrenees exhibit similar seismic absorption. In
the Westernmost Pyrenees, the strong attenuation anomaly is now limited to the Basque
Massifs. We will discuss all these features in section 6.
5 Peak delay time observations
5.1 Definition of the peak delay time
In randomly heterogeneous media, an impulsive seismic wave radiated from the source
broadens as its travel distance increases. The broadening of energy envelopes with epi-
central distance is a clear manifestation of multiple forward scattering in the Earth (Sato,
17
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
1989; Saito et al., 2002). Various delay-time definitions have been proposed in the litera-
ture to measure the envelope-broadening and to quantify the strength of multiple scatter-
ing due to random heterogeneities along the seismic ray path (e.g., Tripathi et al., 2010).
For example, the peak delay time (noted Tpd hereafter and defined as the time lag from
the S-wave onset to the maximum of the amplitude) has been mainly used to characterize
the scattering properties of the Japanese lithosphere from high-frequency seismograms of
local earthquakes with focuses deeper than the moho (Sato, 1989; Obara & Sato, 1995;
Saito et al., 2002, 2005; Takahashi et al., 2007, 2009). Envelope-broadening has been also
observed from crustal event records in continent (North America) and subduction zones
(Kamchamka, Japan) (Atkinson, 1993; Petukhin & Gusev, 2003; Tripathi et al., 2010).
In this study, we propose a first attempt at measuring and mapping the peak delay time
Tpd in the Pyrenees.
5.2 Tpd measurements
We select data from permanent stations for earthquakes with a local magnitude greater
than 2.0. We consider records with hypocentral distances smaller than 80 km in order
to focus on crustal phases only. The waveforms are first deconvolved from the recording
system response. Seismograms are filtered in four frequency bands (2 - 4 Hz, 4 - 8 Hz,
8 - 16 Hz, 16 - 32 Hz) in forward and backward directions to avoid any phase delay caused
by using the fourth-order bandpass Butherworth filter. Next, we compute the root mean
square of the horizontal velocity components. The envelopes are smoothed with a moving
time window whose typical duration is twice the central period of each frequency band.
We only used waveform data which show a clear S-wave onset (quantified by the picking
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weight and measured on unfiltered records). S-wave onsets have been collected from local
seismicity catalogues distributed by the Institutes in charge of the seismic monitoring of
the Pyrenees (RSSP, IGN and IGC). Tpd is measured in seconds in a 40 s time window
starting at 0.5 s before the S-wave onset. Figure 6 shows an example of Tpd measurements
in the frequency band 4 - 8 Hz. We obtained 5157 Tpd measurements in each frequency
band.
5.3 Hypocentral distance and frequency dependence of Tpd
Figure 7 shows Tpd measurements (gray dots) as a function of the hypocentral distance
R in the four frequency bands. Typically, at 80 km epicentral distance, the peak delay
time can reach 4 s. Large values of Tpd, while absorption is also important (see previous
section), reveal that scattering is rather strong in the Pyrenean crust. Black solid lines
in Figure 7 show the linear regression of log10(Tpd) against hypocentral distance log10(R )
by using the following equation:
log10 Tpd(f) = Ar(f) + Br(f) log10R (4)
The regression coefficients Ar and Br and their standard deviations are given in Table 1.
Although data are widely scattered, we observed that log10(Tpd) increases almost linearly
with the logarithm of the hypocentral distance as previously observed in Japan for crustal
and deep earthquakes (Takahashi et al., 2007; Tripathi et al., 2010).
The comparison of the linear regression coefficients in the frequency band 4-32 Hz re-
veals that Tpd slightly increases with frequency (at fixed hypocentral distance). Using the
Markov approximation of the parabolic wave equation, Saito et al. (2002) have verified
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that envelope broadening strongly increases with frequency as the content of the random
media in short-wavelength increases. Our measurements may thus suggest that the Pyre-
nean crust is poor in short-wavelength components, in agreement with Calvet & Margerin
(2013) who have proposed that the inhomogeneity in the Pyrenees may be described by a
Von-Karman random medium with a hurst exponent larger than 1. Alternatively, the fre-
quency dependence of Tpd may be also related to the frequency dependence of absorption.
Coda Q measurements at large lapse time indicate that the average absorption quality
factor in the Pyrenees varies as ≈ 220f 0.64. Consequently, the absorption time decreases
with frequency as f−0.36. We hypothesize that the decrease of the absorption time with
frequency hampers the broadening effect of small-scale heterogeneities and results in a
slow increase of Tpd with frequency (Saito et al., 2002; Tripathi et al., 2010).
However, we should take into account that the model proposed by Saito et al. (2002)
hypothesizes that the envelope-broadening is only due to scattering by lithospheric het-
erogeneities. This model is useful for the interpretation of high-frequency seismograms
of deep earthquakes. For shallow earthquakes, envelope-broadening may also depend on
the velocity structure. Indeed, in addition to scattering by random heterogeneities, the
envelope-broadening of crustal phases may be strongly affected by multiple reflections in
the crust, depth variations of the moho and surface topography (e.g., Wu et al., 2000;
Fu et al., 2002; Tripathi et al., 2010). A more sophisticated physical modeling of crustal
event records is thus needed to quantitatively explain the amplitude of Tpd measurements
in the Pyrenees and to confirm the proposed interpretation of the frequency dependence
of Tpd .
A part of the dispersion of Tpd measurements at a given hypocentral distance could
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be due to regional variations of scattering along the range. Thus, we propose to explore
the spatial variations of envelope broadening after removing the hypocentral dependence
described by the regression lines given in Table 1.
5.4 Spatial distribution of Tpd in the Pyrenees
5.4.1 Mapping methodology
For the mapping of peak delay times, we follow the method proposed by Takahashi et al.
(2007). First, for each frequency band, we remove the hypocentral dependence by com-
puting the peak delay time deviation defined as follows:
∆ log10 Tpd = log10 Tpd(f)− (Ar(f) + Br(f) log10R) (5)
As envelope broadening is considered to be the result of multiple forward scattering by
inhomogeneities, ∆ log10 Tpd may represent the relative strength of accumulated scattering
contribution along each ray path. A small ∆ log10 Tpd thus implies the absence of strong
medium heterogeneities along the ray path from the hypocentre to the station, whereas
strong ∆ log10 Tpd indicates that a strongly inhomogeneous region is located somewhere
along the ray path. For the mapping, we adopt the same approach as the one used for
Qc maps. We only consider 2D spatial variations and we divide the Pyrenean crust into
rectangular 0.1◦ × 0.1◦ blocks. Next, we allocate the mean values of ∆ log10 Tpd to each
block. Only blocks that are crossed by at least 5 ray paths are considered. Finally, in
each block, we take an average of the mean values over the nearest nine blocks to smooth
the spatial variations.
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5.4.2 Main characteristics of ∆Tpd maps
Figure 8 shows the distribution of peak delay time deviation in four frequency bands.
Blocks with small values of ∆ log10 Tpd are indicated by blue colors while blocks of large
∆ log10 Tpd values are in red. The top panel shows the ray path density.
First we observe that there is no clear correlation between the ∆ log10 Tpd maps and the
three main tectonic units. The main feature is an East-West dichotomy in the ∆ log10 Tpd
spatial distribution. The Western Pyrenees (west to the Adour Fault) exhibit larger
∆ log10 Tpd values than the Central and Eastern Pyrenees. It may indicate the presence
of strong inhomogeneities in the western part of the range. Indeed, as absorption and
scattering have a competitive effect on the peak delay time, large ∆ log10 Tpd values suggest
that scattering may be dominant, at least equal, in comparison to absorption at low
frequency.
In the Central and Eastern Pyrenees, the Paleozoic Axial Zone and the North Pyrenean
Zone show rather small ∆ log10 Tpd values in all frequency bands. This feature could be
due either to weak scattering or to strong absorption. But Qc maps show that absorption
is low in the PAZ except around the Maladetta Massif (Figures 8). Thus, scattering in
all frequency band is probably weak on average in the PAZ and NPZ.
Eastern Pyrenees, more particularly to the east of the intermountain basins of Em-
porda` and La Selva, exhibit rather strong ∆ log10 Tpd values in the 2−4 Hz frequency band.
But the amplitude of the peak delay time deviation decreases as frequency increases. This
frequency feature may suggest that the crust in the Eastern Pyrenees is richer in small-
scale structures than in the Western Pyrenees. However, as absorption becomes stronger
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as frequency increases, a competition between absorption and scattering may also explain
the observed frequency dependence of ∆ log10 Tpd. In the Eastern Pyrenees, we also ob-
serve two high ∆ log10 Tpd regions located in the southern thrusts of the Axial zone, close to
the compressive faults of Tech and Ribes-Camprodon . These high ∆ log10 Tpd anomalies
match with regions characterized by strong deformation (Choukroune & Se´guret, 1973)
and may be related to small scale heterogeneities produced by strong crustal thickening
(Verge´s et al., 2002).
6 Discussion
In this section we propose to discuss Qc and ∆ log10 Tpd maps in relation with other
geophysical and geological observations. Globally, there is no clear correlation between
geological structures and attenuation maps in the Pyrenees in all frequency bands. Usu-
ally, seismic waves are less attenuated in crystalline materials than in sedimentary ones
(Sato et al., 2012). In the Pyrenees, this classical feature is maybe observed only at low
frequency. In the next paragraphs, we propose a more detailed discussion.
6.1 The Eastern Pyrenees
The Eastern Pyrenees, south of the Teˆt and Tech faults, are characterized by rather small
S-wave velocity (Souriau & Granet, 1995; Villasen˜or et al., 2007), small (strong) absorp-
tion and rather large (small) ∆ log10 Tpd values at low (high) frequency. It may indicate
that absorption is predominant at high frequency whereas scattering is strong at low fre-
quency. However we can not quantitatively conclude on the predominance of scattering
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against absorption (and vice versa). Strong absorption and slightly low velocities suggest
a thermal origin of these anomalies and/or the presence of fluids. We clearly observe
that low values of Qc are mainly found in the Neogene/Quaternary fields characterized
by volcanic structures located east of Banyoles-Olot and along the border of the inter-
mountain basin of La Selva (Mart´ı et al., 1992). The Eastern Pyrenees have been strongly
affected by the Western Mediterranean extensional phase which has induced a crustal and
lithospheric thinning towards the Mediterranean Sea, as revealed by seismic data (Gallart
et al., 1981; Mauffret et al., 2001) and gravity data (Zeyen & Ferna`ndez, 1994; Verge´s
et al., 2002; Ayala et al., 2003; Gunnell et al., 2008). The late extensional phase was also
accompanied by alkaline volcanism. This area is also associated with numerous thermal
springs and geothermal anomalies located along faults or at the margins of graben-like
structure in the Catalan Coastal Range (Fernandez & Banda, 1989; Cabal & Ferna`ndez,
1995). In contrast, seismic absorption is smaller west of the volcanic units, in the Ebro
Basin, where there is no evidence of thermal springs and where no strong geothermal
anomalies have been detected (Fernandez & Banda, 1989). It has been previously shown
that volcanic areas in Japan are mainly characterized by strong absorption and scatter-
ing (Takahashi et al., 2007; Carcole´ & Sato, 2010). The strong absorption observed in
the Eastern Pyrenees may be thus related to the late volcanic history with its associated
geothermal activity and fluids circulation.
6.2 The Western Pyrenees
In the Western Pyrenees, ∆ log10 Tpd and Qc maps reveal strong crustal inhomogeneities
and strong absorption, respectively. Analyses of Lg waveforms have also suggested stronger
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seismic attenuation in this area. Indeed, no crustal phases appear in seismic records of
Lg waves when ray paths cross the western part of the range (Chazalon et al., 1993;
Sens-Scho¨nfelder et al., 2009). Chazalon et al. (1993) have demonstrated that neither
a realistic Moho jump nor a large-scale high-velocity body in the crust can cause such
extinction. They speculate that the attenuation of crustal phases may be due to high
scattering by small-scale heterogeneities in the Western Pyrenees. This hypothesis has
been confirmed by Sens-Scho¨nfelder et al. (2009) who demonstrated that a large-scale
body with strong intrinsic absorption and strong scattering may explain the Lg blockage
phenomenon. Their best model is characterized by an intrinsic quality factor Qi about
180 and a scattering quality factor about 340 (at 3 Hz). In the Western Pyrenees, ab-
sorption and scattering may be respectively about 4 times and 10 times larger than in
the surrounding regions. Our ∆ log10 Tpd and Qc maps show qualitatively that scattering
and absorption are on average strong in the Western Pyrenees at low frequency. Even
if we do not perform robust inversions, our results are in good agreement with those of
Sens-Scho¨nfelder et al. (2009).
The Pau Basin is characterized by rather strong absorption at low frequency (Figure 5),
low-velocities and high VP/VS ratio (Daignieres et al., 1981). It could be explained by
the presence of oil and gas in the sediments. In the South Pyrenean Zone, the Pamplona
Basin is also characterized by low shear wave velocity (Souriau & Granet, 1995; Villasen˜or
et al., 2007) high VP/VS ratio (Figure 2b), and strong absorption (Figure 5). However, Qc
varies differently with frequency in the Pau and Pamplona Basins. The difference in the
attenuation properties of the two basins may be ascribed to geographical variations either
in the chemical composition of sedimentary materials, or in the distribution of fluids, or in
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the density and connectivity of the fractures (and consequently in fluid circulation) (e.g.,
Leary, 1995). The Basque and Labourd Massifs are characterized by strong attenuation in
all frequency bands. The Maule´on Basin seems to have a distinct behaviour with slightly
less absorption at high frequency than the surrounding Massifs. Slightly higher VP/VS
ratio in the Maule´on and Pamplona Basins in comparison to the Basque and Labourd
Massifs (see Figure 2b) suggests the presence of more fluids in the basins than in Paleozoic
Massifs. Geographical variations in the fluid contents may also explain a part of the
frequency-dependence of absorption in the Maule´on Basin. However, the fluid hypothesis
is not compatible with the high seismic velocities observed in this region (Figure 2a).
Alternatively, seismic properties of the Labourd-Maule´on area may be ascribed to the
chemical and/or mechanical properties of the crustal materials. Sens-Scho¨nfelder et al.
(2009) argue that S-wave absorption in the Western Pyrenees is too strong for crustal
materials (Sato et al., 2012). The strong positive Bouguer anomaly observed in the
Maule´on-Labourd area (Vacher & Souriau, 2001; Jammes et al., 2010) (see also Figure 2c)
has been interpreted as mantle intrusions which may explain both high seismic velocities
and strong absorption.
Peak delay time measurement reveals that scattering is strong in theWestern Pyrenees.
What is the possible origin of scattering in this area? Close to the surface, it is observed
that Cretaceous sediments are locally associated with remnants of lower-crustal and man-
tle rocks in the Labourd Massifs and the Maule´on Basin. Particularly, the Maule´on Basin
contains a number of outcrops, ranging from a few meters to 3 km in diameter, rich in
serpentinized mantle peridotites (Lagabrielle & Bodinier, 2008; Jammes et al., 2009). In-
terestingly, Sens-Scho¨nfelder et al. (2009) obtain a typical size for heterogeneities in the
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western Pyrenean crust around 800 m. Intrusion of mantle or lower-crustal material is
thus a possible mechanism to explain strong seismic scattering in the Western Pyrenees.
6.3 The Central Pyrenees
In all frequency bands, a low-Qc anomaly (strong absorption) extends from the North
Pyrenean Zone to the South Pyrenean Zone. At the same location, small ∆ log Tpd values
show that scattering may be smaller than in the Western Pyrenees. East to this low-Qc
anomaly, we also observe that most of the Paleozoic materials are characterized by small
absorption (Figure 5). This East-West dichotomy in the Axial Zone with a transition
at the location of the Maladeta Massif can not be easily explained from tectonic and
geological arguments except maybe that most of the Hercynian granitic massifs, the large
massifs of gneiss (age ∼470 Ma) and the older meta-sediments (Upper Proterozoic to
Ordovician) are located in this high-Qc area (Baudin et al., 2008). We also observe that
the Pyrenean seismicity shifts southward at the location of the low-Qc anomaly. A deep
structure in the crust may be at the origin of this attenuation anomaly. Interestingly,
an anomalous body has been detected in this area by seismic tomography and analysis
of Bouguer anomalies. This high-density and high-velocity crustal body is located south
to Saint Gaudens , in the North Pyrenean Zone (see Figure 2), on the northern border
of this Qc-anomaly. As proposed for the Labourd-Maule´on area, mantle or lower-crustal
materials may be at the origin of the observed strong absorption. However, we observe
that the Saint Gaudens and Labourd-Maule´on anomalies have a rather distinct seismic
behaviour. The Saint Gaudens anomaly exhibits smaller absorption, smaller scattering
and smaller VP/VS ratio than the Labourd-Maule´on one. In both cases, the positive cor-
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relation between seismic velocity and attenuation cannot be explained by thermal effects
or fluids but suggests that seismic properties may be related to the chemical composi-
tion. Variations in the chemical/mineralogical composition of these deep materials may
be at the origin of the distinct seismic behaviour between the two high density/velocity
anomalies. However, from the comparison of gravity and seismic data, Vacher & Souriau
(2001) propose a similar mineralogical origin for these two bodies, even if more detailed
investigations may be necessary. A part of the difference in absorption between the Saint
Gaudens and Labourd-Maule´on anomalies may be also due to a difference in the amount
and distribution of mantle materials in the crust.
7 Conclusions
A first attempt at mapping seismic wave attenuation in the Pyrenees has been proposed,
based on coda Q and peak delay time analysis in the [1 − 32] Hz frequency band. Qc
maps show that the amplitude and the frequency dependence of attenuation strongly
vary along the Pyrenean range. The Paleozoic Axial Zone exhibits mainly lower seismic
attenuation than the surrounding regions, except at the longitude of the Maladeta Massif,
east of the Adour fault. Seismic waves in the Western Pyrenees, more particularly at
the location of the Basques Massifs and the Nappe des Marbres, are strongly attenuated.
Similarly the Neogene structures of North-East Catalonia show strong seismic attenuation
at high frequency. In addition to coda Q analysis, envelope broadening of high-frequency
seismic waves gives complementary information on the origin of seismic attenuation in
the Pyrenees, more particularly on the nature of the crustal inhomogeneities. The peak
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delay time maps highligth a strong East-West dichotomy in the scattering properties of
the Pyrenean crust with stronger inhomogeneities in the Western Pyrenees, as previously
proposed by Sens-Scho¨nfelder et al. (2009). The Eastern Pyrenees exhibit a likely stronger
frequency dependence of the peak delay time than the Western Pyrenees.
The comparison of Qc and peak delay time maps allows a qualitative discussion about
the relative contributions of absorption and scattering to the seismic attenuation in the
Pyrenean crust. Anelastic absorption appears to be dominant in the Eastern Pyrenees
at high frequency, whereas both absorption and scattering are strong in the Western
Pyrenees. We propose that the strong seismic attenuation at the location of the Neogene
structures is related to the late volcanic history of the Eastern Pyrenees. In the Western
Pyrenees, we argue that the attenuation properties of the crust (strong absorption and
scattering) are mainly due to lower-crustal or mantle intrusions related to the complex
tectonic history of the region.
Although some correlations have been observed between Qc, ∆ log10 Tpd, seismic ve-
locity and VP/VS ratio, our findings need to be clarified in several aspect. First, seismic
structures in the eastern and western edges of the range are not correctly resolved in
the tomography by Souriau & Granet (1995), more particularly the lateral extension of
the Labourd-Maule´on high-velocity anomaly. High-resolution crustal tomography may
be soon available through to the deployment of the PYROPE and IBERARRAY seismic
networks. Second, we only provide coda-Q and peak delay times deviation maps which
have been interpreted qualitatively in terms of absorption and scattering. Future works
should explore the sensitivity of coda-Q measurements to the lateral and depth variations
of absorption. It is clear that our simple mapping approach to Qc measurements only
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gives the gross features of the lateral variations of attenuation without any constraint on
the depth behavior. Next, we will consider an inversion of the peak delay times, after cor-
rection for absorption, in order to better quantify the spatial distribution of the velocity
random fluctuations in the Pyrenean crust. Absorption and scattering maps may bring
new insights into the structures of the Pyrenees but also offer new elements for inter-
preting geophysical data (Bouguer anomaly, seismic tomography), seismicity distribution
and geological observations. Moreover, such attenuation maps should also significantly
improve strong motion prediction in the Pyrenees.
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Table 1: Estimated Ar and Br parameters with their standard deviation from least-square
regression log10 Tpd(f) = Ar(f) + Br(f) log10R in four frequency bands.
Frequency (Hz) Ar SD(Ar) Br SD(Br)
2.0-4.0 -0.827 0.125 0.649 0.074
4.0-8.0 -1.572 0.125 1.045 0.075
8.0-16.0 -1.859 0.124 1.239 0.075
16.0-32.0 -1.902 0.125 1.323 0.075
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List of Captions
Figure 1: Main structural units of the Pyrenees after Choukroune (1992). NPFT: North
Pyrenean Frontal Thrust; NPM: North Pyrenean Massifs; SPT: South Pyrenean Thrust.
Light grey zones corresponds to Paleozoic material, dark grey zones indicates Quaternary
volcanic rocks.
Figure 2: (a) Crustal P-wave tomographic model by Souriau & Granet (1995) at depth
11 km. (b) VP/VS ratio computed at some French and Spanish velocimeter stations (c )
Bouguer anomalies (computed by International Gravimetric Bureau – http://bgi.omp.obs-
mip.fr/). Black thick lines are the main Pyrenean faults.
Figure 3: Location map of earthquakes and seismological stations used for coda-Q and
peak delay time measurements. See inset for symbol explanation.
Figure 4: Qc as a function of the epicentral distance in the frequency band [4 − 8]Hz.
Solid line is the mean value and dashed lines correspond to one standard deviation. The
coda windows start at 2 ts (a), 50 s (b), 80 s (c) after the origin time of the earthquake.
ts is the S-wave travel time. The length of the coda window is fixed at 30 s.
Figure 5: Regional variations of Qc (left) and ray path density (right). Qc is estimated
in five frequency bands from [1 − 2] Hz (top) to [16− 32] Hz (bottom). Blocks with less
than two measurements are shown in gray in Qc maps.
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Figure 6: Example of N-S component velocity seismogram observed at station ORDF
(top) and root-mean-square envelope in the 4-8 Hz band (bottom). The thick black line
correspond to the smoothing envelope. The vertical dashed line indicates the S wave onset
and the horizontal black arrow represents the peak delay time (Tpd).
Figure 7: Logarithmic plot of peak delay times (in seconds) as a function of the hypocen-
tral distance (in kilometers) for crustal S waves in four frequency bands. Gray dots are
the data, and black lines are the regression lines : log10(Tpd) = Ar(f) + Br(f) log10R.
The values of coefficient Ar and Br are listed in Table 1.
Figure 8: Distribution of the logarithmic deviation of crustal S-wave peak delay time
∆ log10(Tpd) in four frequency bands. We do not consider blocks in which the number of
ray paths is less than 5 (gray blocks). The top panel gives the ray path density in all
frequency bands.
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Highlights
– The coda quality factor Q and the peak delay time of S waves are systematically
measured in several frequency bands.
– Coda-Q and peak delay maps show strong lateral variations of seismic attenuation
along the Pyrenean range.
– The origin of the seismic attenuation in the Pyrenean crust is discussed.
– Scattering and absorption are both important at low frequency in the Western
Pyrenees.
– Absorption appears dominant over scattering at high frequency in the Eastern Py-
renees.
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